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Energy Harvesting From Vibration With Alternate
Scavenging Circuitry and Tapered Cantilever Beam
Shahab Mehraeen, Student Member, IEEE, S. Jagannathan, Senior Member, IEEE, and
Keith A. Corzine, Senior Member, IEEE

Abstract—Piezoelectric transducers are increasingly being used
to harvest energy from environmental vibrations in order to either power remote sensors or charge batteries that power the
sensors. In this paper, a new voltage compensation scheme for
high-voltage-based (> 100 V) energy harvesting is introduced,
and its fundamental concepts, as well as the operation details,
are elaborated. This scheme, when applied to the voltage inversion method [synchronized switch harvesting on inductor (SSHI)],
provides an increase of over 14% in harvested power when compared to the parallel inversion method (parallel SSHI) alone and
more than 50% in the case of series inversion method (series
SSHI). Second, tapered cantilever beams were shown to be more
effective in generating a uniform strain profile over rectangular
and trapezoidal beams if they are precisely shaped, resulting in
a significant increase in harvested power over available methods
in the literature from laboratory experimental tests. In addition,
a simplified method to design such a beam is introduced. Finally,
a field test of the proposed tapered beam is conducted by using a
dozer for earth-moving applications, and experimental results are
discussed.
Index
Terms—Cantilever
piezoelectric.

beam,

energy

harvesting,

I. I NTRODUCTION

I

N RECENT years, there appears to be a significant demand to utilize environmental energy for both high-power
[1], [2] and low-power devices [3] such as wearable devices,
wireless sensors, and portable electronic devices due to their
need in remote sensing and embedded prognostic application
environments [4]. As wireless devices are becoming a necessity
in numerous monitoring and prognostic applications, batteries
have been the main power source in these devices. However,
in applications for which continuous data gathering is essential,
such as sensors that monitor remote structures in earth-moving
equipment and bridges [5], the periodic maintenance procedure
for batteries is labor intensive, costly, and tedious.
Scavenging energy from the environment, also known as
“energy harvesting,” is defined as the conversion of ambient
energy into a usable electrical form. The collected energy
from the environment is either sufficient to power a remote
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sensor or at least is able to extend the rechargeable battery
lifetime. In addition, small wireless sensors which typically
use tiny batteries [6] will not survive long-term usage unless
the batteries are impractically larger than the sensing and
processing hardware even for low-consumption applications.
By using energy harvesting, the battery pack can be made either
significantly small or removed [7].
Among available energy-harvesting methodologies, piezoelectric transducer (PZT)-based approach was chosen because of abundant vibration accessibility and energy-harvesting
productivity of piezoelectric materials [4], [8]. Other approaches include solar, thermal, electromagnetic, electrostatic,
and so on.
The direct connection of the load to the piezoelectric
material is not generally recommended in piezoelectric energy
harvesting. An efficient energy-harvesting mechanism consists
of a piezoelectric material bonded to a cantilever beam, voltage
inversion circuitry [also known as synchronized switch harvesting on inductor (SSHI)] [9], [10], rectifier, power converter
for conditioning, and load. It has been shown [11]–[13] that,
by using a power converter for conditioning the voltage,
the scavenged power from a piezoelectric material can be
increased. Consequently, different voltage inversion techniques
have been proposed to shape the generated voltage in order to
increase both the voltage and the power factor so as to enhance
the harvested power [9], [10], knowing that the piezoelectric
material acts as a current source in the presence of sustained
vibration.
Though the shaped voltage increases the harvested power
noticeably, it does not result to the highest average voltage value
needed for harvesting the maximum power. Therefore, in [14], a
new scheme, along with some preliminary results, is introduced
to shape the voltage in order to achieve the maximum average
voltage value in piezoelectric-based power harvesting. By contrast, in this paper, a detailed theoretical analysis of this new
scheme and more elaborated results from the lab experiments
are included. In addition, field evaluation is added.
In PZT-based energy harvesting, different mechanical structures have been presented [15]–[17] to transfer the vibration
energy to the piezoelectric material. Among these, the cantilever beam is more attractive for its relatively low resonance
frequency and high average strain for a given input force [15].
However, the existing cantilever-beam-based schemes [15] do
not produce a uniform strain distribution (with maximum tolerable strain value) along the beam, and consequently, they
do not generate the maximum energy from vibration. Thus,
a tapered beam design is introduced [14] in order to provide
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is used alone (i.e., voltage inversion without the proposed
scheme).
In the following sections, the main ideas in the proposed
scheme are first discussed, wherein it will be shown that the
piezoelectric voltage level (and the harvested energy) will be
increased as a result of voltage compensation and the amount
of the dissipated energy involved in the voltage compensation
can be reduced using the proposed scheme.
Fig. 1.

Piezoelectric under mechanical vibration.

A. Fundamental Concepts
a uniform strain profile to increase the harvested power; a
simplified version of which is presented herein. Moreover, in
the following, new experimental lab results, as well as field
test evaluations, are presented, which were not included in [14]
before providing concluding remarks.

II. P ROPOSED VOLTAGE C OMPENSATION S CHEME
Before presenting the voltage compensation scheme, a vibrating piezoelectric (PZT) device can be modeled as a current
source in parallel to a capacitor which represents its internal
impedance. Under sinusoidal vibration, the material electrical
characteristics can be transformed into a more convenient form
[9] as I = iP − CP V̇ , where I is the output current, ip =
IP sin(ωt) is the PZT polarization current with a peak value
given by IP , ω is the vibration angular frequency, CP is the PZT
capacitance (clamped capacitor), and V is the PZT terminal
voltage.
The piezoelectric polarization current can be calculated by
using iP = αu̇ [9], where α is the force factor which is a function of the piezoelectric parameters, as well as the mechanical
structure geometry, and u is the displacement of the proof mass
according to Fig. 1.
Thus, in a constant vibration environment (frequency and
amplitude) where mechanical motion is sinusoidal, IP can be
considered as a constant. In addition, if the generated voltage is low in the presence of constant current, low power is
harvested. In all the voltage inversion techniques described in
[9] and [10], due to the dissipations involved in the switching
hardware that is typically built using solid-state switches and
inductors, the magnitude of the output voltage is less than what
it would be in a lossless inversion. In high-voltage applications
with voltages greater than 100 V (in contrast with [7]–[12]
where the voltage ranges from 1 to 70 V), the voltage drop
is quite high because of higher switching and inductor core
losses. To mitigate the losses, the following method is introduced to increase the scavenged power in a voltage inversion
technique.
The proposed scheme charges the internal capacitor of the
piezoelectric material after each voltage inversion in order to
increase the voltage level. As a consequence, some energy
is required to raise the voltage in the material, as well as to
overcome the dissipation due to the direct charging of the PZT
capacitor. Despite this energy requirement, with the proposed
scheme, the net output energy of the scavenger, which is the
output energy minus the mentioned consumptions, is much
higher than the case when the voltage inversion technique

In a typical series RC circuit connected to a step voltage
source Vs , it can be shown that, by charging the capacitor in
multiple equal voltage steps, the dissipated energy through the
resistor is reduced by a factor of number of steps. We assume
that the capacitor is charged from a voltage V1 to a higher voltage of V2 ; thus, ΔVS = V2 − V1 . By solving V2 = RC V̇C +
VC , the capacitor voltage becomes VC = (V1 − V2 )e−t/RC +
V2 . Then, the resistor current is obtained as IR = C dVC /dt =
(ΔVS /R)e−t/RC ; thus, the dissipated power in the path resistor
2
= ((ΔVS )2 /R)e−2t/RC .
R can be calculated as PR = RIR
By taking the integral of the dissipated power, the amount of
dissipated energy is obtained as

∞
∞
RC (ΔVS )2 −2t/RC
C
e
WDISS = PR dt = −
= (ΔVS )2 .
2
R
2
0
0

(1)

Equation (1) reveals that the amount of dissipated energy is
independent of the path resistor. Now, assume that charging
from V1 to V2 is accomplished in α number of equally spaced
voltage steps satisfying
ΔVS =

α


ΔVSi ,

ΔVSi = ΔVSj ;

1 ≤ i ≤ α;

i=1

1 ≤ j ≤ α.
(2)

By using (1) and (2), the total dissipated energy in the new
scenario is calculated as
EDISS

α
C
αC
(ΔVSi )2 ,
=
(ΔVSi )2 =
2 i=1
2

1 ≤ i ≤ α.
(3)

From (1), the total dissipated energy in the voltage step ΔVS =
αΔVSi is equal to
WDISS =

C
(αΔVSi )2 ,
2

1 ≤ i ≤ α.

(4)

Comparing (3) and (4), we obtain EDISS = WDISS /α. This, in
turn, results in the piezoelectric direct charging dissipation as
EDISS =

C
1
(ΔVS )2 =
Cp (V2 − V1 )2 .
2α
2α

(5)

Otherwise, when equal voltage steps are not used, the dissipations will be higher than in (5). Assume that the voltage
ΔVS = βΔVS + (1 − β)ΔVS is split into two arbitrary steps
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Fig. 2. (a) Parallel voltage compensation topology. (b) Series voltage compensation topology [14]. The capacitor CM is added for measuring the transferred
charge to PZT in compensating stages and is not part of the topology.

with β ≤ 1. Then, EDISS = C(ΔVS )2 (2β 2 − 2β + 1)/2 has
a minimum at β = 1/2. This reasoning can be easily extended to more numbers of steps. Thus, equal steps yield minimum loss.
Although (1) suggests an infinite time interval to calculate
the path dissipation, a finite upper bound can be used, provided
that the time constant RCP is small enough. In our lab tests,
the time constant RCP < 10 μs renders an error that is less
than 0.01% in the dissipated energy calculation when the time
interval is 5RCP . This time is significantly smaller than the
vibration intervals with a frequency range of 50–100 Hz encountered in the application environments.
B. Voltage Compensation in Parallel Inversion Technique
Fig. 2(a) shows the two-stage voltage compensation topology
[14]. Here, switches B1 and C1 are synchronized with switch
A1, where they turn on sequentially, as will be described.
According to Fig. 3(a), when the polarization current ip =
IP sin(ωt) turns negative, the original voltage inversion circuitry is activated and inverts the PZT voltage VPZT through
the switching circuit consisting of switch A1 and inductor L
and decreases the voltage from V2 to −V1 . After the
√ inversion
time, which, according to Fig. 3(a), is equal to π LCP [9],
[14], switch C1 is closed and decreases the PZT voltage to
−V3 = −(V1 + (V2 − V1 )/2) [see Fig. 3(a)]. Switch C1 stays
closed until the new voltage −V3 builds (t1 = 5R1 CP , where
R1 is the C1 to CP loop resistance). Next, switch B1 is
closed and decreases the PZT voltage to −V2 , where the PZT
voltage is measured with respect to the circuit ground shown
in Fig. 2(a). Similar to switch C1, switch B1 is opened after
t2 = 5R2 CP (with R2 being the B1 to CP loop resistance), and

the piezoelectric polarization current source starts to transfer
charge to the clamped capacitor. Time delays (t1 and t2 ) around
50 μs are easily achievable in the lab environment.
Shorter delays can be achieved through the selection of fast
switches. It should be noted that the total delay corresponding
to inversion and compensation steps must be a small fraction
of the vibration period such that the piezoelectric scavenger
is able to collect energy under the highest voltage almost
continuously. The voltage steps are shown in Fig. 3(a) as C1
and B1. In the actual circuit, each switch is accompanied by a
series diode to prevent current in the wrong direction. Similarly,
switches B2 and C2 are synchronized with switch A2 in the
same way for the positive polarization current, where VPZT
is increased from −V2 to V1 by the original voltage inversion
circuit. Then, it is further increased to V1 + (V2 − V1 )/2 and
V2 by switches C2 and B2, respectively. The procedure for
positive polarization current is shown and encircled in Fig. 3(a)
for the case of parallel voltage compensation. The voltage
compensation switches B1, C1, B2, and C2 allow the transfer
of energy to the piezoelectric clamped capacitor in two equal
voltage steps, thus increasing the voltage level in each half cycle
of ip (T /2 = π/ω).
Increasing the number of stages provides more voltage steps
and, consequently, less dissipation, as well as more net output power, as described before; however, it results in more
complex circuitry. It is shown in [11] that a power converter
is needed to deliver the power from PZT to the low-voltage
load; thus, a multioutput converter can be utilized to provide
the compensation voltages, as well as load voltage. Typical
piezoelectric waveforms during voltage inversion are shown in
Fig. 3(a) for this topology. Next, a power analysis in the voltage
compensation scheme is introduced.
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Two key features can be obtained by using the proposed
scheme. First, the piezoelectric voltage is increased by means
of direct charging of PZT-clamped capacitor when the polarization current is zero; thus, the voltage after inversion is
increased (compensated) since the inversion process [9], [10]
drops the voltage significantly in high-voltage applications due
to switching and inductor losses [see |V1 | and |V2 | in Fig. 3(a)].
Second, the proposed procedure involves two different energy
consumptions—one is due to the injected energy to increase
the PZT-clamped-capacitor voltage, and another is due to the
resistive dissipation. Through using multiple voltage steps to
directly charge the clamped capacitor, the dissipated energy by
path resistance is reduced. Overall, due to the increased voltage
level in PZT, during the next polarization current half cycle
(T /2), the harvested energy by PZT is significantly enhanced,
resulting to a higher net power (harvested power minus the
mentioned consumptions).
Now, in order to calculate the net output power under the
voltage compensation scheme, we need the following: 1) the
change in stored energy (injected energy) in the clamped capacitor during the application of voltage steps, which is given by
EC =

 1
1  2
Cp V2 − V12 = Cp V22 (1 − γ 2 )
2
2

(6)

2) the energy dissipation EDISS in the current path according to
EDISS =

1
1
Cp (V2 − V1 )2 =
Cp V22 (1 − γ)2
2α
2α

(7)

and 3) the harvested energy EH during a half cycle (T /2)
at constant voltage V2 , which, due to negligible piezoelectric
current at the time of inversion and compensation, can be
calculated as
Fig. 3. (a) PZT voltage VPZT waveforms in the original parallel voltage
inversion technique and in voltage compensation scheme with two-step compensation. (b) Voltage levels in series voltage compensation scheme.

√
T /2−(t1 +t
 2 +π LCP )

EH =

IP sin(ωt)V2 dt
0
T

2

C. Power Calculation in Voltage Compensation Scheme
The generated PZT power depends on the magnitude of
current, voltage, and power factor (or the phase between the
current and the voltage.) Since the piezoelectric material acts
as a current source in the presence of sustained vibration, its
magnitude is dependent upon the magnitude of vibration. Conventional converters, which help decrease the current–voltage
phase difference (power factor increase), have been utilized
to increase the harvested power. In [12], by employing the
adaptive control of dc–dc converter, the piezoelectric output impedance is matched with load impedance dynamically, whereas
in [13], the impedance of the transducer was adjusted by using
the multilayer technology of the material together with an
electrical circuitry. In [9], [10], and [18], on the other hand,
the harvested power is increased via synchronizing the PZT
current and voltage (maximizing the power factor) through the
voltage inversion technique where a practical low-consumption
inversion circuitry is also proposed. By contrast, in this paper,
by using the proposed voltage compensation scheme, the PZTgenerated power is attained by increasing the voltage level in
addition to maximizing the power factor.

≈

IP sin(ωt)V2 dt =
0

2IP V2
ω

(8)

where γ = |V1 /V2 | (which only depends on RLC circuit
specifications), ω is the vibration angular frequency, and
IP is the maximum polarization current. By using the
proposed topology, the maximum net output energy occurs
when dΔ(EH − EC − EDISS )/dV2 = 0, which yields
V2 = IP /KωCP , where K(α) is a design parameter as
presented in [14] and V2 and V1 are the voltages before
and after the switching, respectively, according to Fig. 3(a).
Consequently, the maximum net power can be calculated as
PMAX =

2
max(EH − EC − EDISS ) = IP2 /(KπωCP ).
T

(9)

D. Voltage Compensation in Series Inversion Technique
A scheme similar to the parallel voltage compensation is
used in the series voltage compensation. The series topology
[14] and that with the compensated voltage levels are shown
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Fig. 4. Voltage and current waveforms. (a) Parallel voltage compensation topology. (b) Series voltage compensation topology. Pulse durations are bigger than
those of lab tests for better graph quality.

in Figs. 2(b) and 3(b), respectively. The voltage starts to fall
from V2 to −V3 because of inversion and during the transfer
of energy to the load. At the end of the inversion, the piezoelectric clamped capacitor CP is subjected to direct charging,
and its voltage increases from | − V3 | to | − V1 | by voltage
compensation through switches C1 and B1 at the beginning of
the negative half cycle for two-step compensation (C2 and B2
for positive half cycle). This procedure is shown in Fig. 3(b)
and is similar to the procedure shown in Fig. 3(a) for parallel
compensation. Then, the switches are opened, and the piezoelectric polarization current source starts to transfer charge to
the clamped capacitor.
Using the same logic as in the parallel voltage compensation,
the maximum net output power in one-step compensation can
be calculated using the procedure outlined in [14] as
PMAX =

2
max(EH − EC − EDISS ).
T

(10)

The maximum net output power happens when V1 =
IP γ/(CP (1 − γ)ω) and VL = IP /(CP ω), where γ = |(V3 +
VL )/(V2 − VL )| (which only depends on the RLC circuit specifications) and VL is the load voltage [shown in Fig. 2(b)] and
constant. Consequently, the maximum power is calculated as
PMAX = IP2 / (πCP (1 − γ)ω) .
Operational voltages and current are shown in Fig. 3(b).

(11)

Fig. 4 shows the simulation results for PZT voltages and
currents in parallel and series compensation schemes (for maximum power), as well as inversion and compensation switch
signals.
III. C ANTILEVER B EAM G EOMETRY
As mentioned before, a cantilever beam is widely used in
piezoelectric energy harvesting mainly for its relatively low
resonance frequency and high average strain for a given input
force [15]. The rectangular and trapezoidal cantilever beam
geometries and their strain profiles are compared in [15]. In
order to render a larger portion of the bonded piezoelectric
material to produce energy in [15], the trapezoidal beam is
shown to produce twice the amount of energy (per unit volume
PZT). However, the strain profile is still not uniform along the
beam.
The uniform distribution of strain, which provides the maximum average strain, is obtained by taking into account the
maximum tolerable strain of the material at each point along
the tapered beam shown in Fig. 5. Such a curvature can be
considered as the optimal, as long as it provides the maximum
average strain for a given maximum tolerable strain. To the
best of our knowledge, no such design has been introduced in
the literature. Here, the detailed design and simplified design
procedure, which relaxes math complexities in practical implementation, are introduced.
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Fig. 5.

Moreover, the strain at each point along the beam can be
obtained as
⎛


2
2
df2 (x)
M (x)f2 (x)
⎝
+
1+
ε(x) =
EI(x)
dx

(a) Rectangular beam. (b) Tapered beam.



A. Design Analysis
A tapered beam with a proof mass is shown in Fig. 6. The
function f1 (x) describes the distance between the surface area
and the center of the cantilever beam, and f2 (x) = f1 (x) +
tb /2, where tb is the piezoelectric material thickness. An enlarged picture of the beam’s length is shown as the shaded area
in Fig. 6(b). Using geometry, we know that
l2 = (z + h)2 + a2 = b2 + h2 + 2zh.

(12)

According to the moment–area method [19]
z=

M (x) Δx2
·
EI(x)
2

(13)

where z is the displacement of the end point of bent element

F
lm
−x
(14)
M (x) =
lb +
EI(x)
2
with F as the force applied to the center of the proof mass, I(x)
as the moment of inertia given by


I(x) = 2 wt3P /12 + wtP f22 (x) + 2nwf13 (x)/3
(15)
w as the width of the beam (and piezoelectric), and n = E/ES ,
where E is the Young’s modulus of the piezoelectric material
and ES is that of the metal beam.
Moreover, from Fig. 6(b), we have

M (x)f2 (x)

b = Δx 1 +
h ≈ |f2 (x)| Δx
[19]. (16)
EI(x)
Using (12)–(16), we have

M (x)f2 (x)
1+
l2 = Δx2
EI(x)

2


+

+

df2 (x)
dx

2

M (x) df2 (x)
Δx
EI(x) dx

which can be approximated by

M (x)f2 (x)
l2 ≈ Δx2
1+
EI(x)

2


+

df2 (x)
dx

(17)

.

εave =

0

2


df2 (x)
+
dx

2

−


1+

df2 (x)
dx

2

⎞
⎠

1+



df2 (x)
dx

2

.

(20)

Knowing from the mechanics that
ε (x) =

M (x)f2 (x)
EI(x)

(21)

where ε (x) is the strain along the horizontal (before bending)
flat surface b under the curved surface, as shown in Fig. 6(a)
and (b), i.e., ε (x) = (b − Δx)/Δx. Thus, it yields

ε(x) = 1 + (ε2 (x) + 2ε (x)) /1 + (df2 (x)/dx)2 − 1
= εCONST

(22)

where εCONST is the desired constant strain along the beam.
By defining (ε2 (x) + 2ε (x))/(1 + (df2 (x)/dx)2 ) = K1 ,
where K1 = (εCONST + 1)2 − 1 from (22), and after substituting for ε (x), we are able to solve (22) for df2 (x)/dx as

df2 (x)
2EF (lT −x)I(x)f2 (x)+F 2 (lT −x)2 f22 (x)
=
−1
dx
K1 E 2 I 2 (x)
(23)
where lT = lb + lm /2.
In order to solve (23), a numerical approach has to be
utilized. Moreover, an estimation of the applied force based
on the source vibration frequency and vibration amplitude is
needed for a solution. Note that, in the tapered beam, as x
increases from zero to lb , f2 (x) decreases, which makes the
momentum M (x) larger, whereas in the rectangular beam,
the momentum decreases
 when x increases. According to the
bending energy U = M 2 /EIdx [19], large M (x) along x
gives higher energy concentration in the material, as well as
higher α (defined in Section II), which, in turn, increases the
PZT current iP .
B. Design Simplification

2

(18)

Defining lP as the length of the unbent curvature underneath
the piezoelectric material, we have the average strain along the
beam as
l−lP
lP
⎡l 
P 
1⎣
M (x)f2 (x)
= 
1+
lP
EI(x)

825

⎤
dx−lP ⎦ .
(19)

Equation (23) reveals that, for the given E, F , lT , I(x),
and K1 at each point x along the beam, f2 (x) is uniquely
obtained if df2 (x)/dx is known. For a smooth surface (i.e.,
continuous f2 (x)), (23) has to be solved, as described earlier;
however, a discontinuous approximate solution is achievable, as
described here. Comparing (21) and (22), we find that ε(x) ≤
ε (x). In practice, the term (df2 (x)/dx)2 in (22) is a small
number (in our design, < 0.0009) such that we can assume that
ε(x) ≈ ε (x). This, in turn, reveals that the strain on the curved
surface is equal to the strain on the flat surface underneath the
curved surface shown in Fig. 6(b), provided that the length Δx
is infinitesimal. Note that, on the flat surface, df (x)/dx = 0.
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Fig. 6. (a) Tapered beam and its (b) bending element.

Fig. 7. Discontinuous design of f2 (x) and fitting curve.

Given the desired constant strain along the beam εCONST and
by assuming that df2 (x)/dx = 0 and solving (23) for f2 (x) at
each point x, a staircaselike surface is obtained with infinite
numbers of steps.
By adopting limited number of points along the x-axis,
an approximation to the staircase solution is achieved. The
physical surface is made smooth by connecting the calculated
f2 (x)’s via fitting a curve, as shown in Fig. 7, which by the same
reasoning, has the same strain as the original curved surface
represented by (23). Thus, adequately large number of points
x ensures a good approximation of the actual solution for (23)
since the staircaselike surface approaches the actual curve as
the number of points goes to infinity.
IV. S IMULATION R ESULTS , L ABORATORY R ESULTS ,
AND F IELD T EST
The experimental setup consists of two 15-cm steel cantilever
beams, namely, a rectangular beam and a tapered beam, both
excited by a shaker. The tapered beam has been designed at
32 equally apart points along the beam, starting with f1 (x) =
2 mm at the fixed point, using the simplified method. The
designed tapered beam for the experimental tests is shown in
Fig. 8(a). The simulation results of strain profiles with the
tapered beam designed with the simplified method, as well as
a rectangular beam, are given for the same maximum tolerable
strain in Fig. 8(b).

Fig. 8. (a) Designed tapered beam. (b) Simulation results: Strain profile along
the rectangular and designed tapered beams using the simplified method.

The piezoelectric materials used are thin flexible strips of
composite fibers with a laminate coating, which are glued on
the cantilever beam using epoxy. The material specifications
are shown in Table I. The internal capacitance of the piezoelectric material (one layer) was measured to be 2.8 nF using a
conventional multimeter. When the PZT leads are connected to
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TABLE I
P IEZOELECTRIC M ATERIAL S PECIFICATIONS
(A DVANCED C ERAMETRICS I NC .)

TABLE II
L ABORATORY T EST S PECIFICATIONS FOR THE R ECTANGULAR B EAM

TABLE III
L ABORATORY T EST S PECIFICATIONS FOR THE TAPERED B EAM

the circuitry, the total capacitance seen from PZT terminals is
not a constant but appears to be higher than 2.8 nF due to the
capacitive effects of MOSFETs and measuring devices.
The polarization current IP has been calculated using VP =
IP /CP ω, where VP is the open circuit peak voltage. The
parameter γ has been measured using the voltage before and
after inversion using oscilloscope and was varying occasionally.
These values are given in Tables II and III. Moreover, L =
10 mH (2 A) is used, and MOSFETs are rated 500 V and 10-A
instantaneous current.
Instead of voltage sources VA , VB , VC , and VD , the outputs
of an adjustable flyback power converter (PMAX = 100 mW)
have been used so that the compensated voltage can be adjusted
by changing the switching frequency. However, equal voltage
steps were not achieved due to the variation of load and PZT
parameters. The voltage values VA + VB and VC + VD are
kept slightly less than VL (in parallel topology) to avoid direct
charging of the rectifier capacitor. Due to the transient behavior
of power transfer while directly charging the PZT-clamped
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capacitor CP , the transferred charge QM from the compensating power supplies to the PZT during each compensation
step has been measured using the change in voltage VM (as
measured by the oscilloscope), i.e., QM = CM × ΔVM , where
CM = 0.1 μF (100 V) is chosen.
Then, the transferred power from the power supplies
to PZT is calculated by Pm = 2/T × (CM ΔVM A VA +
CM ΔVM B (VA + VB )) and Pm = 2/T × (CM ΔVM C VC +
CM ΔVM D (VC + VD )) for the negative and positive half cycles
of PZT current iP , respectively. The compensating voltages VA ,
VB , VC , VD , and VLoad have been measured using conventional
multimeters. The net output power is defined as the difference
between the load and the consumed (transferred) power.
In Fig. 9, the measured and theoretical power losses (for
CP = 2.8 nF) are compared, where the theoretical losses are
calculated using Pt = 2/T × (CP (V2 − V3 )2 /2 + CP (V3 −
V1 )2 /2) + 2/T × (CP V22 /2 − CP V12 /2) in parallel topology
(and using a similar relationship in the series topology.) The
discrepancy between the experimental and theoretical values
arises because the actual capacitance CP is different from the
PZT rated capacitance due to the effect of MOSFET output
capacitances [9] (90 pF), as well as measuring device impedances. Moreover, we experienced noise while measuring V1
in parallel topology and V3 in series topology (for evaluating
the theoretical values) using the oscilloscope due to equipment
input impedance.
The load current shown in Fig. 10 in the series topology
was a little lower than that of the parallel topology (which
requires more investigation), although the mechanical vibration
remained the same, and both decrease with voltage increase
because of PZT induced force [9] on the beam. Also, in Figs. 10
and 11, the intermediate voltages, as well as the capacitor
voltage VM , are shown. The “Inversion Time” and “Step 1 and
2 Durations” (according to Fig. 3) were all less than 50 μs.
The experimental versus theoretical net powers for voltage
compensation in parallel and series inversion methods are
shown in Figs. 12 and 13 for the tapered and rectangular beams,
respectively. According to these figures, experimental results
match the theory with an acceptable accuracy at low voltages.
However, at high voltages, they diverge due to the OFF-state
losses of the solid-state switches and input resistance of the
measuring devices. It is shown that the voltage compensation
method with tapered beam provides 14% increase in the harvested power in parallel voltage inversion and about 75% in
series voltage inversion method.
In addition, by using the same setup, a more powerful
scavenger with the tapered beam is utilized, where the beam
was then equipped with a double-layer PZT strip. Note that
the optimal voltages introduced in Sections II-C and II-D
remain the same if the volume of PZT is doubled since the
proportion IP /CP remains constant. Accordingly, by using the
proposed schemes and under the same test conditions including
intermediate voltages as with one-layer PZT, 23 and 12 mW
are obtained from parallel and series topologies, respectively.
Moreover, in order to evaluate the obtained energy on a realistic
scenario, a field setup has been arranged, which included the
tapered beam with two double-layer PZT strips (four layers)
glued on and underneath the beam.
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Fig. 9. Load power, net output power, and the dissipations for tapered beam.

Fig. 10. Intermediate voltages and currents with the tapered beam, where V4
is an intermediate step between V3 and V1 .

Fig. 12. Theoretical and lab results with the tapered beam for parallel and
series compensation schemes, as well as original voltage inversion techniques.

moving bulldozer on an uneven rural field by using the tapered
beam. However, in a mobile application, different frequencies,
as well as shocks, are normally observed in contrast to a single
frequency. Therefore, a multiple beam structure that resonates
for a range of frequencies should be utilized as part of future work.
V. C ONCLUSION
Fig. 11. Capacitor voltage VM with the tapered beam.

The tapered beam was enclosed inside an enclosure, and
it was mounted on a bulldozer, which was assumed to have
adequate level of vibration while moving in a farm. The setup
mounted on the bulldozer is shown in Fig. 14. The dc harvested
power was measured using a wireless data acquisition system
(Missouri S and T Mote). The data (harvested power) were then
plotted with time, as shown in Fig. 15. According to the figure,
an average dc harvested power of 5 mW is achievable from a

In voltage inversion techniques (also known as SSHI), the
inversion process in a high-voltage scavenger will not be as
efficient as that in low voltage since there appears to be a
significant voltage drop after voltage inversion, which, in turn,
decreases the efficiency of the harvesting method. By using the
proposed voltage compensation scheme, the harvested power
can be increased in both the parallel and series inversion
scenarios compared to the case when such compensation is not
used at all. Moreover, since a tapered cantilever beam appears to
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produce more power, a simplified method of harvesting energy
using a tapered beam has been included here. Laboratory and
field trials have shown the validity of the proposed energyharvesting method.
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